Herein, a synergistic combination of three flows, i.e. photo-flow, thermo-flow, and electro-flow, from solar energy was first constructed and then utilized for the mineralization of an azo dye in wastewater. Taking methyl orange as an example, the mineralization of the azo dye was theoretically and experimentally investigated. The results indicated that the oxidation efficiency of the photo-electro-thermo flows could reach up to 81.88% within 60 min, which was superior to those of the corresponding single flow or two flows, and full mineralization to CO 2 was realized. The mechanism of mineralization was discussed by comparing the molecular conjugate chain detected by UV and the intermediate products identified by HPLC and GC. Non-linear regression was used to obtain the rate equation of methyl orange mineralization. A significant synergetic effect of solar thermo-and electrochemistry plus photocatalysis was observed. The evidence shows that the synergistic application of three flows from solar energy can greatly provide an effective way for the enhancement of the utilization of solar energy and the oxidation of azo dye pollutants.
Introduction
Water pollution by synthetic organic dyes has been a critical issue in maintaining good water quality.
1,2 As reported, more than 100 000 commercial dyes are available with an estimated annual output of 7 Â 10 5 tons, 3 and they are usually present at high concentrations in large volumes of wastewater. 4 Azo dyes are widely used in printing and dyeing industries due to high stability of the azo groups. 5, 6 This is the main dye species in wastewater discharge. Azo dyes are very stable and not easily oxidized and degraded. If non-degradable organic pollutants in the wastewater are discharged into water, the pollutants will consume the dissolved oxygen in the water. [7] [8] [9] This will destroy the ecological balance of the water body and cause serious threat to the survival of sh and other aquatic organisms.
10,11
Many studies have reported traditional and advanced methods, such as biological and chemical methods involving electrochemical methods and advanced oxidation processes (AOPs), for the removal of dyes in water. [3] [4] [5] [6] [12] [13] [14] Biological methods are commonly used for the treatment of dye wastewater due to the special capabilities of microorganisms to degrade dyes. Moreover, biological methods are effective, environmentally friendly, and relatively inexpensive. However, the application of biological methods is limited because of the characteristics of the large area, poor anti-poisoning, and longterm. 13 Moreover, biological methods fail to mineralize the dye groups. 15 Traditional chemical methods usually require the addition of new chemical reagents, which cause secondary pollution. 16 Therefore, these methods were constrained by the environmental protection requirements. Advanced oxidation processes (AOPs) have been successfully applied for the treatment of wastewater [17] [18] [19] [20] [21] [22] due to the fact that the hydroxyl radical (cOH) generated in AOPs can non-selectively oxidize most organic pollution. [23] [24] [25] [26] However, the application of AOPs is currently not accepted because of expensive investment and operational problems.
3,4,12
Electrochemical technology has been widely investigated for the prevention and remediation of pollution because electrons are clean reagents. However, due to the lack of applicability of industrial technology, few researchers have shown interest in electrochemical technologies for the treatment of dye wastewater before the year 2000. 3 In recent years, electrochemical advanced oxidation processes (EAOPs) have attracted signi-cant attention, which not only contribute to the treatment of wastewater but also contribute to process-integrated environmental protection. Compared to the traditional AOPs, in EAOPs, heterogeneous cOH is formed at the anode surface and the pollutants are oxidized in an electrolytic cell. The main drawback of EAOPs is electric energy consumption. Solar energy has been recognized as a clean and permanent energy resource, and new conversion systems have been constructed for solar energy utilization. In our past studies, solar STEP-AOPs (solar thermal electrochemical process-AOPs) of organic pollutants have been successfully demonstrated to be efficient for the treatment of organic wastewater.
27-33 STEP-AOPs are driven by solar thermo-ow and solar electro-ow, essentially the combination of thermochemistry with electrochemistry. In order to have a rich harvest of solar energy for a treatment of wastewaters, the synergistic application of three ows, i.e. photo-ow, thermo-ow, and electro-ow, from the sun was considered to greatly provide an effective way for enhancement of the utilization of solar energy and the oxidation of organic pollutants. In this study, we rst constructed a synergistic combination of three ows from solar energy and then utilized the STEP-AOP system for full mineralization of azo dyes in wastewater in a pattern of solar thermo-electrochemistry plus photocatalysis. Taking methyl orange as an example, the full mineralization of azo dyes driven by a synergistic combination of the three ows from the sun was theoretically and experimentally investigated. The purpose of this study was how to make full use of the coordinated effects between photo-, electro-, and thermo-ow from solar energy for specic molecular oxidation, such that to increase the oxidation efficiency of contaminants and improve the utilization efficiency of solar energy.
Methods and materials

Chemicals and materials
Methyl orange (C 14 H 14 N 3 SO 3 Na, A.R) was received from Shanghai Chemical. Platinum foil (99.95% purity) was purchased from ADHS Company of Tianjin. Maleic acid, benzenediol, hydroquinone, formic acid, and sodium sulfate were used as received from Beijing Chemical.
2.2
Experiments of a synergistic combination of three ow STEP-AOPs for full mineralization of the azo dye 2.2.1 Experimental setup. Synergistic combinations of three-ow STEP-AOPs from solar energy, i.e. photo-ow, thermo-ow, and electro-ow, were constructed. The devices were composed of three parts: solar heat utilization system, solar photovoltaic conversion system, and a reactor containing TiO 2 . The parameters of the device were optimized through numerical simulation. For experiments of different combination modes such as single ow or two ows, the devices were composed of the corresponding parts. As shown in Fig. 1 , the solar energy heat utilization system is mainly composed of a heat collector with a parabolic concentrator (F1.5 M, Max.), a hot water tank, and a pipeline that provides cold water and hot water. The solar photovoltaic unit is a commercial silicon PV panel with a capacity of 1 500 000 mA h (V max ¼ 5 V, I sc ¼ 1 A and an active surface area ¼ 40 cm 2 ). The reactor has an undivided cylindrical conguration, which can be controlled at some temperature by adjusting the ow velocity of the cold and hot water. The electrolysis under constant pressure or constant current is realized by adding the controller into the circuit. The cell consisted of a conventional three-electrode system: a 2 cm Â 2 cm platinum sheet as the working electrode, a 2 cm Â 2 cm platinum sheet as the counter electrode, and a reference electrode of saturated Ag/AgCl; gap between the electrodes was 2.5 cm. For a test, 100 mL of azo dye solution (100 mg L À1 ) with pH ¼ 3 was stirred for 60 min with 5 g L À1 sodium sulfate as the electrolyte. 2.2.2 Analysis of the products and intermediates. Methyl orange, intermediates, and products were monitored using high-performance liquid chromatography (LC-2010A HT) with a C18 reverse separation column (150 Â 4.60 mm). The ow rate was 0.8 mL min À1 and the column temperature was 25 C. A sample of 20 mL was injected into HPLC with methanol/water (v/ v ¼ 3 : 1) as the mobile phase. The UV wavelength of the detector was set at 254 nm. Methyl orange, intermediates, and products were identied by retention times when compared with those of the pure standards. Ultraviolet-visible spectra were obtained using a UV-1700 (SHIMADZU) with a wavelength of 464 nm. The luminescence spectra were obtained by Perkin Elmer LS-55.
Results and discussion
For the treatment of organic wastewater, solar energy can be utilized in three ways. The solar radiations of infrared region (43% of solar energy) can be collected as heat energy that can be supplied to the reaction; the solar radiations of visible region (50% of solar energy) can be collected and converted to electricity by photovoltaic cells that can be suppled to the reaction; the solar radiations of ultraviolet region (7% of solar energy) can be directly utilized to treat organic wastewater via the addition of an appropriate photocatalyst. 34, 35 Thus, solar energy provides three effects, i.e. photo, electro, and thermo, for the treatment of organic wastewater, which are dened as photo-ow, electroow, and thermo-ow, respectively. In our past studies, the combination of solar thermo-ow and solar electro-ow, i.e. STEP-AOPs, displayed an efficient approach to the treatment of organic wastewater, essentially through the combination of thermochemistry with electrochemistry. This method is governed by solar thermo-electrochemistry of STEP-AOPs. In this study, the synergistic application of three ows was considered to greatly provide an effective way for enhancement of the utilization of solar energy and the oxidation of organic pollutants. With the relevant application of three ows, the process can be described by solar thermo-electrochemistry plus photocatalysis of the STEP-AOPs, named as three-ow STEP-AOPs.
In the theory of three-ow STEP-AOPs, the application of three ows not only results in higher solar conversion efficiency but also results in a higher oxidation efficiency of the organic pollutants that are attributed to the synergy of the three ows. The heat from solar energy is initially used to activate organics or directly destroy molecules; this is a characteristic of thermochemical reactions. Then, the activated organics are decolorized (a decolorization step) and oxidized into small molecules (a degradation step). Finally, full mineralization to CO 2 (a mineralization step) is achieved by either electrochemical and photocatalytic reaction or their combination. The thermoelectrochemistry plus photocatalysis tunes photo-ow, electroow, and thermo-ow to match the oxidation of specic organic pollutants.
The energy levels of single ow, two ows, and three ows are shown in Fig. 2 . It is obvious that the joint application of three ows is highly advantageous.
3.1 Action of the single ow for the STEP-AOP mineralization of dye Fig. 3 shows the measured reaction of azo dye oxidation under solar thermo-ow. As shown in Fig. 3 , the variation in concentration is not signicant, which indicates that oxidation efficiency under the solar thermo-ow is low.
Here we raise the question of whether the heat has no effect on the oxidation of methyl orange. For further verication, we obtained the uorescence spectra of the solution system; the results are shown in Fig. 4 . The uorescence emission peaks appeared at 474 nm and 350 nm when the solution system was excited at 235 nm. The emission peak at 474 nm changed, whereas that at 350 nm disappeared with alteration in the reaction temperature; this indicated that heat affected the internal energy structure of molecules. Literature reveals the existence of thermal isomers of azobenzene. 36 In general, there are two kinds of mechanisms for the existence of thermal isomers: one is from the rotation of the azo bond and the other is the inversion of the N-N-C bond angle. Furthermore, new theoretical results show that the existence of thermal isomers of azobenzene may involve the transition of singlet and triplet; 37 this causes a change in the molecular energy level. That is, heat makes the methyl orange molecules be in an activation state of high energy, and undergo a further reaction easily. Fig. 5 shows the measured reaction of azo dye oxidation under the solar photo-ow. The oxidation efficiency can reach 5.13% and 12.8%, respectively, aer oxidation for 30 min and 60 min at room temperature. Titanium dioxide is an n-type semiconductor with a band gap of 3.2 eV. 38 When it is exposed to ultraviolet radiation, electrons gain energy and jump from the valence band to the conduction band; this causes the formation of photo-generated electrons (e À ). Moreover, photo-generated holes (h + ) form in the valence band.
39 Therefore, titanium dioxide dispersed in the solution becomes a small short-circuit photochemical battery. The photo-generated electrons on the surface of TiO 2 are easily captured by the oxidizing substances in the water phase. 40 The photo-generated holes (h + ) on the corresponding surface of TiO 2 can be used to oxidize organic compounds adsorbed on the surface of TiO 2 or water molecules and hydroxyl ions adsorbed on the surface of TiO 2 into hydroxyl radicals. Hydroxyl radical can oxidize most organic and inorganic pollutants in water into small inorganic molecules such as carbon dioxide and water. As shown in Fig. 5 , methyl orange can be oxidized by adding TiO 2 (P25) to the reaction system. Fig. 6 shows the measured reaction of azo dye oxidation under the solar electro-ow. The oxidation efficiency can reach 24% and 45% aer oxidation for 30 min and 60 min at room temperature, respectively. On the surface of Pt anode, hydroxyl radical is generated, which can attack the azo molecule, leading to the generation of small inorganic molecules.
A synergistic combination of two ows for the STEP-AOP mineralization of dye
To investigate the coupling effect of solar energy for azo dye oxidation, the oxidation efficiency of two-ows for the STEP-AOP mineralization of methyl orange has been studied. For the application of solar thermo-electro ows (Fig. 7) , the oxidation efficiency is 79% at 80 C aer oxidation for 60 min.
Compared with oxidation at 20 C, for the oxidation at 80 C, the oxidation efficiency increased by 34%; this indicates that thermal energy improves the electrochemical oxidation process. On applying solar photo-thermo ows, as shown in Fig. 8 , it was obtained that heat energy had little effect on the concentration of methyl orange, which may depend on the reaction rate of adsorption, desorption, migration, and rearrangement at different temperatures on the surface of titanium dioxide.
On the application of solar photo-electro ows, the oxidation efficiency is 26.67% and 49.56% aer oxidation for 30 min and 60 min at room temperature, respectively.
A synergistic combination of three ows for the STEP-AOP mineralization of dye
For the application of solar three ows i.e. photo-electro-thermo ows, the synergistic effects are realized for azo dye oxidation, in which the oxidation efficiency is greater than that of the corresponding single ow or two ows. As shown in Fig. 10 , the oxidation efficiency is 54.35%, 67.25%, 76.95%, and 81.88% at of 20 C, 40 C, 60 C, and 80 C, respectively.
The oxidation process of methyl orange indicates that molecular conjugate chains are gradually shortened, 41,42 which can be reected in the UV spectrum. The oxidation of methyl orange typically involves the cleavage of the azo bond, the breakdown of the benzene ring, and the formation of small inorganic molecules; these steps are described as decolorization, degradation, and mineralization in this study. Based on these three forms, UV spectra of methyl orange oxidation from 200 nm to 600 nm can be divided into three sectors (Fig. 11) . Sector I refers to a wavelength range from 350 nm to 600 nm, which reects the process of decolorization. Sector II refers to a wavelength range from 265 nm to 350 nm, which reects the process of degradation. Sector III refers to a wavelength range from 200 nm to 265 nm, which reects the process of mineralization.
As far as single-ow solar energy is concerned, decolorization occurs in all ows, whereas degradation occurs only in electro-ow, which can be seen in Fig. 3 , 5, and 6. Relatively, the decolorization effect of electro-ow is also more obvious. For two-ow solar energy, thermo-electro ows present an excellent oxidation effect in the process of decolorization and degradation. Compared to a single photo-ow, photo-electro ows present improvement in the process of decolorization and degradation; however, mineralization is not reected in sector III, as shown in Fig. 9 . The photo-thermo ows present a tiny gradient change with respect to decolorization and degradation. For the photo-electro-thermo ows, not only decolorization of sectorⅠand degradation of sector II have been signicantly changed, but also mineralization of sector III has been observed. As shown in Fig. 10 , the absorption peak intensity in sector III increases initially with temperature, which means an increase in conjugated small molecules, and then sharply decreases, which means the breakage of small conjugated molecules, i.e. the mineralization of small organic molecules. Only when photo-ow is added to the conversion system, full mineralization of methyl orange can be realized within 60 min, which indicates photocatalytic oxidation of electrochemical products. Therefore, the joint application of thermo-ow, photo-ow, and electro-ow ensures the realization of full mineralization of the azo dye (Table 1 ).
Mechanism and kinetic model
Under the application of solar three-ow driven STEP-AOP mineralization, the oxidation of methyl orange depends on the presence of heterogeneous hydroxyl radical, which can nonselectively oxidize most organic pollutants. 43 Most hydroxyl radicals are generated from the cracking of water molecules on the surface of the anode and TiO 2 , 44 and a small part of them originate from the cleavage of organic molecules. Hydroxyl radicals were continuously passed on and attacked the molecular chain of methyl orange, leading to the cleavage of the azo bond, the breakdown of the benzene ring, and formation of small molecules until complete mineralization (Fig. 12) . Methyl orange and its oxidized products were monitored using HPLC. With the progress of the reaction, new peaks were detected. The peaks at 0.636 min and 0.961 min correspond to oxalic acid and maleic acid, respectively. The peak at 2.061 min corresponds to methyl orange. The peak at 3.196 min corresponds to hydroquinone and that at 3.440 min corresponds to aniline. The peak at 4.393 is attributed to benzoquinone, and the peak at 4.759 min is attributed to para benzoquinone. Gas chromatography also determined hydrogen and carbon dioxide. These new substances provide the basis for our study on the degradation pathway of methyl orange (Fig. 13) .
The model of solar three-ow driven STEP-AOP mineralization of dye enhances solar utilization because of the coapplication of the three ows. The unique role and combined effect of the three ows achieve a coupling and matching integration of the three chemistries for increased chemical efficiency and selectivity. Compared with traditional electrochemical advanced oxidation processes, i.e. EAOPs, the solar three-ow driven STEP-AOP mineralization of dye make full use of solar energy. As shown in Fig. 13 , there are two routes for methyl orange oxidation. Route A shows the traditional EAOPs, in which methyl orange requires higher potential to get oxidized into carbon dioxide. Route B shows thermoelectrochemistry plus photocatalysis path. In route B, methyl orange gains photo energy (P), thermo energy (Q), and electro energy (E) from solar energy, and is lied in an activated state of high energy. Then, it is easily degraded and fully mineralized into CO 2 under the synergistic action of thermoactivation, electrooxidation, and photocatalysis.
The oxidation of methyl orange is proven to be complicated with many intermediates and processes. The reaction equation for the nal product (CO 2 ) is simply expressed without considering the intermediate processes.
The oxidation of methyl orange is composed of the following eqn (1)-(4).
Oxidation reaction: Reduction reaction:
Overall reaction:
According to the chemical kinetic theory and denition of chemical reaction rate, the degradation rate of methyl orange can be described by eqn (5):
In our experiments, the concentration of methyl orange was generally 100 mg L À1 . Relative to the concentration of methyl orange, the water concentration was innite. 
where r is the reaction rate, t is the reaction time, k 0 is the kinetic constant of this reaction, and n is the order of this reaction. Under different temperature conditions, the changes in the curves of methyl orange concentration with time are shown in Fig. 14 .
The absolute value of the curves slope in Fig. 14 provided the reaction rate under the used condition, which is shown in Table 2 .
By eqn (6) , it is well known that the determination of the reaction order is the crux of the establishment of a dynamic equation.
Non-linear regression can be used to obtain determination coefficient, sum of residual squares, and standard errors of the kinetic constants. The results are shown in Fig. 15 ; thus, the rate equation of methyl orange oxidation can be described.
As shown in Fig. 15 , the oxidation of methyl orange follows different order kinetics with the eventual conversion of methyl orange carbon into CO 2 . Since the oxidation of methyl orange is a typical overall reaction consisting of many elementary reactions, the changes in the rate equation indicate that the oxidation follows different mechanisms at different temperatures.
Conclusion
In summary, a synergistic combination of three ows from solar energy has been successfully constructed and used for the mineralization of an azo dye in wastewater. On activation by the single thermo-ow, the solar heat enables the methyl orange molecules are lied in an activated state of high energy, highly in favor of the oxidation in succession. On excitation by the single photo-ow, the efficiency of photocatalytic oxidation reached 12.8% aer reaction for 60 min at room temperature. On motivation by single electro-ow, the efficiency of electrochemical oxidation reached 45% aer 60 min reaction at room temperature. For the application of solar three ows, the efficiencies of the three-ow STEP-AOPs reached up to 54.35%, 67.25%, 76.95%, and 81.88% aer 60 min at 20 C, 40 C, 60 C, and 80 C, respectively. In particular, the addition of photo-ow enhanced the performances of the system, which realized full mineralization of methyl orange within 60 min. The oxidized products, such as oxalic acid, maleic acid, hydroquinone, aniline, benzoquinone, and para benzoquinone, were identied by HPLC. Hydrogen and carbon dioxide were determined by gas chromatography. In addition, the oxidation of methyl orange follows different order kinetics with the eventual conversion of methyl orange carbon into CO 2 . It has been shown that threeow STEP-AOPs achieved excellent operation with high solar utilization and efficient and selective oxidation.
